Variable levels of aberrantly spliced cystic fibrosis transmembrane conductance regulator (CFTR) transcripts were suggested to correlate with variable cystic fibrosis (CF) severity. We studied the effect of the cellular splicing factors, hnRNP A1 and ASF/SF2, and their adenoviral analogues, E4-ORF6 and E4-ORF3, that promote exon skipping and/or exon inclusion, on the splicing pattern of the CFTR mutation 3849+10kb C→T and the 5T allele. These mutations can lead to cryptic exon inclusion and exon skipping, respectively. Overexpression of the cellular factors promoted exon skipping of pre-mRNA transcribed from minigenes carrying the mutation (p5T or p3849M). This led to a substantial decrease in the level of correctly spliced mRNA transcribed from p5T and generated correctly spliced mRNA transcribed from p3849M that was not found without overexpression of the factors. The viral factor, E4-ORF3, promoted exon inclusion and led to a substantial increase of the correctly spliced mRNA transcribed from the p5T. The factor, E4-ORF6, activated exon skipping and generated correctly spliced mRNA transcribed from p3849M. Thus, overexpression of alternative splicing factors can modulate the splicing pattern of CFTR alleles carrying splicing mutations. These results are important for understanding the mechanism underlying phenotypic variability in CF and other genetic diseases.
INTRODUCTION
Cystic fibrosis (CF) is a common severe autosomal recessive disease caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (1) . Several CFTR mutations were found to affect the splicing of CFTR transcripts, leading to the generation of both correctly and aberrantly spliced transcripts. Among these are mutations leading to inclusion of intronic sequences, such as 3849+10kb C→T (2), 1811+1.6kb A→G (3) and Q1291H (4) , and mutations leading to the skipping of CFTR exons, such as 1898+5 G→T (5) and the polymorphic alleles at IVS8-Tn site (5T, 7T and 9T alleles) (6) . The aberrantly spliced transcripts are translated into a truncated and/or non-functional protein (7) . A wide variability in the level of the aberrantly spliced mRNA transcribed from two of these mutations, the 3849+10kb C→T and the 5T, was found among different individuals (8) (9) (10) (11) . The severity of the CF disease also varies among individuals carrying these splicing mutations, ranging from healthy fertile individuals to classic CF presentation (2, (12) (13) (14) . An inverse correlation was found between the level of the correctly spliced mRNA and the severity of the disease (9) (10) (11) . An inverse correlation between the level of correctly spliced mRNA and disease severity was also found among different organs of the same individual (8, 9, 15) . All these results suggest that the regulation of alternative splice site selection might play an important role in underlying the variable disease severity in CF patients carrying splicing mutations.
Alternative splicing is a major mechanism controlling gene expression. Several factors essential for constitutive splicing were also shown to modulate alternative splicing. This includes the heterogeneous nuclear ribonucleoprotein (hnRNP) family and proteins from the SR family (16) . Members of the hnRNP family have an essential role in promoting the use of distal 5′ splice sites (17) (18) (19) (20) . In addition, increased levels of hnRNP proteins were shown to promote skipping of alternatively spliced exons. However, more recently hnRNP A1 was also found to promote exon inclusion (21) . SR proteins were shown to be involved in different modes of alternative splicing (16) (17) (18) 22, 23) . Some SR proteins can promote exon inclusion, whereas others promote exon skipping. Interestingly, two of the SR proteins, ASF/SF2 and SRp40, were shown to promote both exon inclusion and exon skipping (18, 21, (24) (25) (26) (27) (28) . These results suggest that variations in the cellular levels of antagonistic splicing factors, including ASF/SF2 and hnRNP A1 (29, 30) , can affect different modes of alternative splicing and may be a natural mechanism for tissuespecific or developmental regulation of gene expression.
Alternative splicing is also a major mechanism underlying gene expression of viral genes. There are viruses in which the alternative splicing process is controlled by the host cell splicing machinery, whereas others encode their own splicing factors. Among the latter is adenovirus-2, in which most transcription units encode two or more alternatively spliced mRNAs (31) . The relative concentrations of the alternatively spliced viral mRNA are subjected to temporal control and vary during the infectious cycle. The adenovirus-2 genome encodes two proteins that have antagonistic effects on alternatively spliced viral genes (32) . These proteins, E4-ORF3 and E4-ORF6, were shown to promote exon inclusion and skipping on viral genes, respectively. Moreover, these viral proteins were shown to promote the splicing pattern of a human chimeric β-globin pre-mRNA (32) .
Many mutations affecting the normal splicing pattern are known to cause human genetic diseases (33) (34) (35) (36) (37) . However, very little is known about the effect of alternative splicing factors on such mutations. Here we analyzed the effect of overexpression of the cellular splicing factors, ASF/SF2 and hnRNP A1, and the viral factors, E4-ORF3 and E4-ORF6, on the splicing pattern of the CFTR mutation 3849+10kb C→T and the 5T, 7T and 9T alleles.
RESULTS

Splicing patterns of mRNA transcribed from the 3849+10kb C→T and the poly(T) minigenes
The 3849+10kb C→T mutation creates a partially active 5′ splice site in intron 19 of the CFTR gene, which can lead to the insertion of a new 84 bp cryptic exon containing an in-frame stop codon between exons 19 and 20 (2) . The minigenes containing the 3849+10kb C→T mutation (p3849M) or the normal sequence (p3849N) (Fig. 1a) were transfected into HeLa and COS-1 cells and were successfully expressed and spliced in these cells (Fig. 1b and Table 1) .
In every experiment all the spliced transcripts from p3849M included the cryptic 84 bp 'exon' (486 bp RT-PCR product in Fig. 1b) . No correctly spliced transcripts were detected from this minigene as was shown in patients with a severe disease carrying the 3849+10kb C→T mutation. Upon transfection of p3849N all the transcripts were correctly spliced (402 bp RT-PCR product in Fig. 1b) , thus, as expected, the 84 bp of this minigene were not recognized as an exon, since there is no 5′ donor splice site.
We further studied the splicing regulation of the 5T, 7T and 9T alleles at the polypyrimidine tract of CFTR intron 8. Each of these alleles can lead to the generation of both correctly and aberrantly spliced CFTR transcripts lacking exon 9; moreover, an inverse correlation was found between the level of the aberrantly spliced transcripts and the length of the pyrimidine tract. The minigenes containing the 5T (p5T), 7T (p7T) or the 9T (p9T) (Fig. 2a) alleles were transfected into NIH3T3 and COS-1 cell lines and were successfully expressed and spliced ( Fig. 2b and Table 2 ). All minigenes led to both correctly and aberrantly spliced transcripts. However, the splicing pattern differed among the minigenes (Fig. 2b) ; the highest level of aberrantly spliced mRNA was found upon transfection of p5T (35 ± 6% in NIH3T3 and 22 ± 5% in COS-1), whereas the lowest level was found for p9T (only 1 ± 1% in NIH3T3 and 5 ± 1% in COS-1). Thus, the level of the aberrantly spliced mRNA transcribed from the minigenes is inversely correlated with the length of the poly(T) as was found in individuals carrying these alleles (6) . These results showed that our tissue culture systems are suitable models to study the mechanisms underlying the regulation of alternative splicing of CFTR alleles carrying the 3849+10kb C→T mutation and the poly(T) alleles.
The effect of the cellular splicing factors, hnRNP A1 and ASF/SF2, on the splicing pattern of the 3849+10kb C→T and the poly(T) minigenes Transient co-transfection of p3849M and a human hnRNP A1 cDNA (pCG-A1) into COS-1 cells resulted in the generation of normal spliced transcripts (12 ± 3% of the total minigene transcripts), which could not be detected without overexpression of hnRNP A1 (Fig. 3a and Table 1 ). As expected, hnRNP A1 had no effect on the splicing pattern of p3849N and only correctly spliced transcripts were detected. It should be noted that in all our transient co-transfections of p3849N and each of the studied splicing factors, no effect on the splicing pattern of this minigene was observed (all transcripts were normally spliced), as expected from a minigene with the normal sequence. Different amounts (2.5, 5 or 10 µg) of pCG-A1 were used in the co-transfection experiments. The higher amounts of pCG-A1 (5 and 10 µg per 10 cm dish) showed the same effect of generating 12 ± 3% of correctly spliced RNA. Upon co-transfection with 2.5 µg of pCG-A1 per 10 cm dish, no effect was observed, so only aberrantly spliced transcripts were detected (data not shown). However, this lower amount might have had an effect on the splicing pattern, which was too low to be detected above the background level. Thus, in all the experiments 5 µg of pCG-A1 was used for co-transfections. Transient co-transfections of pCG-A1 and p3849M into HeLa cells resulted in a failure to amplify the transfected hnRNP A1 sequences (Table 1) . Thus, the effect of this cellular splicing factor on the splicing pattern of the different minigenes in these cells could not be studied. As can be seen in Table 1 the cellular splicing factor, ASF/SF2, had no effect on p3849M in COS-1 and HeLa cells (i.e. only aberrantly spliced transcripts were detected).
Subsequently, the effect of hnRNP A1 and ASF/SF2 on the poly(T) minigenes was studied. As can be seen in Figure 3b and in Table 2 , the splicing pattern of the p5T was modulated by hnRNP A1 and ASF/SF2. Both cellular splicing factors promoted exon skipping, resulting in a substantial increase in the level of aberrantly spliced mRNA transcribed from p5T. ASF/SF2 had no effect on p7T and p9T, and hnRNP A1 had no effect on p7T (Table 2) . Thus, its effect on p9T was not studied. It should be noted that the majority of the mRNA transcribed from p5T (without overexpression of the splicing factors) was correctly spliced in COS-1 (78 ± 5%) and NIH3T3 (65 ± 6%) cells. Upon overexpression of ASF/SF2 in NIH3T3 cells, the proportion between the aberrantly and correctly spliced transcripts was inverted; thus, the majority (65 ± 10%) of the mRNA became aberrantly spliced ( Table 2 ). The cellular NIH3T3 p5T 35 ± 6 37± 3 65± 10 27 ± 11 6 ± 3 p7T splicing factor hnRNP A1 promoted exon skipping of p5T transcripts in COS-1 cells only. No effect was found in NIH3T3 cells ( Table 2) . The effect of different amounts (0.25-10 µg) of pCG-A1 on the splicing pattern of p5T in COS-1 cells was studied. As can be seen in Figure 3c there was an increase in the effect upon co-transfection with increased amounts of the pCG-A1. The effect reached a plateau at 5 µg; thus, in all the experiments 5 µg of pCG-A1 was used. We also analyzed the effect of different amounts (0.5-5 µg) of pCG-SF2 on the splicing pattern of p5T in NIH3T3 cells. The same effect (promotion of exon skipping leading to an increase of 30% in the level of the aberrantly spliced transcripts) was observed upon co-transfection with the different amounts (data not shown).
The effect of the viral splicing factors, E4-ORF6 and E4-ORF3, on the splicing pattern of the CFTR minigenes
We further aimed to study the ability of the adenoviral splicing factors, E4-ORF6 and E4-ORF3, to modulate the splicing pattern of p3849M and the poly(T) minigenes. Overexpression of the adenovirus E4-ORF6 (pCMVE4-ORF6), known to promote exon skipping, resulted in the generation of correctly spliced mRNA transcribed from p3849M, both in COS-1 (9 ± 3%) and HeLa (8 ± 3%) cells (Fig. 4a and Table 1 ). This skipping effect was similar to the effect of hnRNP A1 on this minigene (Fig. 3a and Table 1). E4-ORF3, which promotes exon inclusion, did not affect the splicing pattern of p3849M in COS-1 and HeLa cells (Table 1) . This result was expected, since all the spliced mRNA transcribed from p3849M was aberrantly spliced and already included the cryptic 84 bp exon.
Next we studied the effect of the viral splicing factors on the poly(T) minigenes. Overexpression of E4-ORF3 promoted exon inclusion in p5T, in both NIH3T3 and COS-1 cells and resulted in a substantial decrease in the level of aberrantly spliced transcripts (Fig. 4b and Table 2 ). Thus, the correctly spliced transcripts reached a very high level, >90% of the total RNA transcribed from p5T ( Fig. 4b and Table 2 ). This inclusion effect on p5T was antagonistic to the skipping effect found with the cellular splicing factors on this minigene ( Fig. 3b and Table 2 ). E4-ORF3 also promoted exon inclusion of mRNA transcribed from p7T ( Table 2 ). Without the splicing factors, the levels of aberrantly spliced mRNA transcribed from p7T were low (5 ± 1% in NIH3T3 and 8 ± 2% in COS-1). These levels were further decreased by E4-ORF3 (to <1 and 4 ± 1%, respectively). E4-ORF3 had no effect on the level of aberrantly spliced mRNA transcribed from p9T (Table 2) .
We then analyzed the effect of E4-ORF6 on the splicing pattern of mRNA transcribed from p5T in COS-1 and NIH3T3 cells. In COS-1 cells, no effect on the splicing pattern of p5T was observed. In NIH3T3 cells, different co-transfection experiments resulted in a different effect on the splicing pattern of p5T. In some experiments no effect was observed, whereas in others promotion of either exon inclusion or skipping was observed. No conclusion could be drawn, although the mean level of aberrantly spliced transcripts was 27 ± 11% ( Table 2 ).
The effect of the splicing factors on the splicing pattern of the poly(T) minigenes in human cells expressing the CFTR gene
The relevance and significance of the effect of the splicing factors on the CFTR splicing pattern was further studied in epithelial cell lines expressing the CFTR gene. First we studied the splicing pattern of the p5T in three human epithelial cell lines, from colon (HT29), trachea (IB3) and pancreas (PANC-1). In all the cell lines the transfection of p5T resulted in both correctly and aberrantly spliced transcripts (Table 3) . Interestingly, as found for the CFTR non-expressing cell lines, the level of the aberrantly spliced transcripts varied (13-30%) among the cell lines.
We then studied the effect of the cellular splicing factors on the splicing pattern of p5T. Overexpression of ASF/SF2 and hnRNP A1 led to the promotion of exon skipping and resulted in a substantial increase in the level of aberrantly spliced mRNA in all the analyzed cell lines, with the exception of hnRNP A1 which had no effect in PANC-1 cells (Table 3) . We also studied the effect of the viral splicing factor E4-ORF3, which was found to modulate the splicing pattern of p5T in CFTR non-expressing cells. Overexpression of this splicing factor promoted exon inclusion in all the cell lines (Table 3 ). Thus, as found in CFTR non-expressing cells, the cellular splicing factors ASF/SF2 and hnRNP A1 promoted exon skipping in p5T, whereas the viral splicing factor E4-ORF3 had an antagonistic effect of promoting exon inclusion in this minigene. We extended our analysis and studied the splicing pattern of p7T and p9T in one of the CFTR expressing cell lines, HT29. An inverse correlation was found between the level of aberrantly spliced transcripts and the length of the poly(T) tract of the minigenes (Table 3 ). Upon overexpression of the different splicing factors, the splicing pattern of p9T was not modulated, whereas a slight effect was found on p7T with ASF/SF2 and E4-ORF3. These results show that the relative level of aberrantly spliced RNA transcribed from the poly(T) minigenes and the effect of the splicing factors on these minigenes in the CFTR expressing cells were similar to those found in non-expressing cells.
DISCUSSION
The CFTR gene consists of 27 exons, which are constitutively spliced to produce a functional CFTR protein (1, 38, 39) . In this study we have shown that overexpression of two of the cellular splicing factors (hnRNP A1 and ASF/SF2) and the adenoviral splicing factors (E4-ORF3 and E4-ORF6) can modulate the splicing pattern of CFTR alleles carrying naturally occurring splicing mutations.
The 3849+10kb C→T mutation was found to be associated with a mild form of CF (2, 12) . Nevertheless, a marked variability in disease severity is found among patients with this allele, several have a severe pulmonary disease (10, 40) . In our study, the minigene carrying the 3849+10kb C→T mutation (p3849M) generated only aberrantly spliced transcripts, as was found in respiratory epithelial cells of patients with a severe lung disease (10) . Most individuals in the healthy population carry the 7T or the 9T alleles at the IVS8-Tn site, whereas the frequency of the 5T allele is only ∼5%. The 5T allele is the most frequent mutation causing congenital bilateral absence of the vas deferens (CBAVD) (3, 41) . The clinical status of individuals carrying the 5T allele can vary from healthy fertile males to typical phenotype of CF (14) . The minigenes carrying the poly(T) alleles showed an inverse correlation (in CFTR expressing and non-expressing cells) between the level of aberrantly spliced mRNA and the length of the thymidine tract, in accordance with observations seen in individuals carrying these alleles (6, 8, 11, 42) . Hence, the systems developed in this study might shed light on the mechanism regulating the variable level of correctly spliced transcripts among individuals carrying the 3849+10kb C→T mutation and the poly(T) alleles.
The cellular splicing factors promoted exon skipping of the minigene transcripts carrying the studied splicing mutations. Interestingly, in p3849M, hnRNP A1 promoted a partial suppression of the use of the cryptic 3′ and the new 5′splice and led to a partial use of the normal splice sites that were not used without the overexpression of this factor (Fig. 3a and Table 1 ).
In vitro studies have shown that the ability of hnRNP A1 to promote alternative exon skipping depends on the size of the internal alternative exon (requires short exons) and the strength of the polypyrimidine tract in the preceding intron (requires weak tract) (22) . Very little is known about the effect of hnRNP A1 on exon skipping as a result of natural mutations causing human genetic diseases. The results of our study showed that the same structural parameters might regulate exon skipping of such mutations by hnRNP A1. The alternative spliced exon in the 3849+10kb C→T CFTR allele is short, only 84 bp, and the preceding polypyrimidine tract is very weak, only 4 bp. Thus, hnRNP A1 could promote correctly spliced transcripts, in which the 84 bp 'exon' is skipped. The alternative spliced exon in the 5T allele is long, 183 bp. However, the polypyrimidine tract of the preceding intron is very weak, only 5 bp. This weak polypyrimidine tract probably enabled hnRNPA1 to promote exon skipping of RNA transcribed from p5T. The polypyrimidine tract of 7T and 9T was probably strong enough to prevent the activity of the hnRNP A1.
The human cellular splicing factor ASF/SF2 affected the splicing pattern of p5T and led to a substantial decrease in the efficiency of exon 9 recognition (Fig. 3b and Tables 2 and 3 ). This effect was similar to the effect observed with hnRNP A1 on this minigene. ASF/SF2, as other SR proteins, can bind exonic splicing enhancer sequences of pre-mRNAs and promote exon recognition by facilitating splicing of the upstream intron (23, (43) (44) (45) . Interestingly, exon 9 includes two of these splicing enhancer consensus sequences (SRSASGA and GARGAR) (44, 45) . However, their presence did not promote exon 9 recognition upon ASF/SF2 overexpression. Furthermore, ASF/SF2 had no effect on the splicing pattern of p7T or p9T (except for a slight effect on p7T in HT29), indicating that the length of the pyrimidine tract plays a major role in the regulation of exon 9 recognition, promoted by ASF/SF2 in our systems (Tables 2 and 3 ). ASF/SF2 was previously shown to promote either exon inclusion or skipping (18, 21, 25, 27, 28) . In this study we have shown that ASF/SF2 did not affect the splicing pattern of pre-mRNA transcribed from the p3849M ( Table 1 ). All the RNA transcribed from this minigene remained aberrantly spliced; thus, the effect of ASF/SF2 on the inclusion of this exon could not be investigated. However, our results suggested that ASF/SF2 had no skipping effect on the 3849+10kb C→T allele. It should be noted that the known exonic elements, recognized by ASF/SF2, were not found in the 84 bp cryptic exon. In conclusion, overexpression of the cellular splicing factors, hnRNP A1 and ASF/SF2 can modulate the splicing pattern of CFTR alleles carrying splicing mutations in both CFTR expressing and non-expressing cells. Clearly, additional splicing factors as well as other cellular and environmental factors contribute to the complex mechanism of alternative splicing.
The adenoviral genes E4-ORF6 and E4-ORF3 were shown to regulate viral gene expression at the level of accumulation of alternatively spliced viral mRNA (32) . The activity of these viral splicing factors may be of a general relevance and not restricted to the splicing of viral genes. Indeed, these factors were shown to promote exon skipping and inclusion of premRNA of a human chimeric construct (32) . Here we showed that E4-ORF6 and E4-ORF3 could modulate the splicing pattern (skipping and inclusion, respectively) of pre-mRNA carrying naturally occurring CFTR splicing mutations, similarly to their known effect on viral pre-mRNA. Our study showed that both cellular and viral splicing factors may have an effect on the same human pre mRNA. This might be important for understanding one of the effects of adeno infection on the splicing pattern of infected cells.
One interesting result from studying the poly(T) minigenes is the variability in the level of modulation by ASF/SF2 and E4-ORF3 in CFTR expressing as well as non-expressing cell lines (Tables 2 and 3 ). It should be noted that hnRNP A1 had a variable effect in some cell lines (COS-1, IB3 and HT29 cells), but no effect in others (NIH3T3 and PANC-1 cells). It was observed that even without overexpression of splicing factors p5T showed variable levels of aberrantly spliced transcripts in all cell lines. These results suggested that naturally occurring splicing mutations in human genes might be differently affected, in different tissues, as a result of programmed tissuespecific regulation of alternative splicing (30) . Indeed, differences in the level of alternatively spliced transcripts were found in different tissues of the same individual carrying the 3849+10kb C→T mutation or the 5T allele (8, 9, 15, 42) .
Another polymorphic locus, comprising of a TG repeat with alleles ranging from 9 to 13, was found immediately upstream of the poly(T) tract (6) . Analysis of RNA transcribed from 7T and 5T alleles showed that the poly(T) length had a major effect on exon 9 skipping which could be further modulated by the length of the TG repeat (46, 47) . In our study, the 5T minigene had a 'medium' length of 11 TG repeats. As can be seen in Tables 2 and 3 overexpression of the splicing factors enabled the promotion of both exon skipping and inclusion of this allele. It is expected that the effects of skipping and inclusion on the splicing pattern of p5T could be further modulated by different TG repeats.
In summary, the results of our study are the first step towards understanding the regulation of alternative splicing pattern of CFTR alleles carrying splicing mutations. This might be important also for understanding the regulation of other genes causing human genetic diseases.
MATERIALS AND METHODS
The minigenes
The minigene for the analysis of the CFTR mutation, 3849+10kb C→T (p3849M), and the minigene with the normal sequence (p3849N) were constructed using genomic DNA from a CF patient homozygous for the ∆F508 mutation. In the amplified region he had the normal sequence (Fig. 1a) . The minigenes contained PCR fragments of exon 19, a region from intron 19 including the cryptic 84 bp exon, exon 20 and part of their flanking sequences (Fig. 1a) . The 3849+10kb C→T mutation was introduced by site-directed mutagenesis using Power-Cloning (see below). The same cloning approach was applied for the construction of the 5T (p5T), the 7T (p7T) and the 9T (p9T) minigenes. These minigenes contained PCR fragments of exons 8, 9 and 10 and part of their flanking sequences (Fig. 2a) . p5T and p9T were constructed using genomic DNA from a homozygote for the 5T allele, except for the fragment containing exon 9 of p9T, which was amplified from a homozygote for the 9T allele. p7T was generated by site-directed mutagenesis on p9T, using Power-Cloning (see below).
The minigenes were created by connecting the PCR fragments to each other and to the mammalian expression vector pSI (Promega, Madison, WI) at its EcoRI and AccI restriction sites in a single step using Power-Cloning technology (patent pending in the USA: WO98/38297; WO98/38298; WO98/ 38299). The minigenes were sequenced and no variations were identified between the minigenes and the genomic sequences, other than the introduced mutations.
The splicing factors
The hnRNP A1 and the ASF/SF2 expression plasmids, pCG-A1 and pCG-SF2, respectively, contain the full-length human coding sequences (cDNA) of these genes (18) . The E4-ORF6 and the E4-ORF3 expression plasmids, pCMVE4-ORF6 pCMVE4-ORF3, respectively (32) , contain the full-length cDNA of the adenovirus genes.
Cells and transfections
COS-1, NIH3T3, IB3, HT29 and PANC-1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) with high glucose and HeLa cells were grown in MEM-E, all supplemented with 10% fetal calf serum. The cells were grown in 10 cm tissue culture dishes; 10 6 cells/dish were plated 24 h before transfection. Monolayer cells were transfected (or co-transfected with two different plasmids) using the calcium phosphate and 2× BBS co-precipitation technique (48) . Following the transfection the cells were further grown for 48 h. In each transfection 1-5 µg of each of the minigene plasmids were used. Each experiment was repeated over seven times.
RNA preparation and single-strand cDNA synthesis
The transfected cells were harvested and lysed with UltraspecRNA reagent, and total RNA was purified using the Ultraspec RNA kit (Biotecx). cDNA was synthesized as previously described (9) .
Analysis of the splicing pattern of the minigene transcripts
The primers used for the analysis of p3849M and p3849N transcripts (Fig. 1a) were: 19i5 specific for intron 19 (49) , and X20 (5′-ATCCAGTTCTTCCCAAGAGGC-3′) specific for exon 20. X20 was fluorescently labeled with 6-FAM. The PCR products of the correctly and aberrantly spliced transcripts were 402 and 486 bp, respectively. The primers used for the analysis of the poly(T) minigenes (p5T, p7T and p9T) were: 8Ri5 (5′-TGCATTAATGCTATTCTGATTC-3′) specific for intron 8, and F10Rx3 (5′-TTGGCATGCTTTGATGACGC-3′) specific for exon 10 (Fig. 2a) . F10Rx3 was fluorescently labeled with 6-FAM. The PCR products of the correctly and aberrantly spliced transcripts were 513 and 330 bp, respectively.
RNA-less reactions were used as controls. The cDNA samples were heated at 94°C for 3 min and then subjected to 35 cycles of 94°C for 1 min, 55°C for 30 s and 65°C for 1 min, followed by final extension for 7 min at 65°C. The PCR was performed under semi-quantitative conditions as determined by serial tertiary dilution prior to the experiments (data not shown). The amounts of PCR product required to give an appropriate fluorescent signal (1-2% of the total PCR products) were empirically determined by analysis of serially diluted PCR products on polyacrylamide gels. The analysis was performed as previously described (50) . In brief, each PCR product (1 µl) was mixed with 0.4 µl of a TAMRA-labeled commercial size standard (Genescan 500-Tamra; Applied Biosystems) and run on an ABI 377 system. The analysis was performed using Genescan software (v.2.X). The level of the aberrantly or correctly spliced transcripts was determined as: (i) the peak area of the signal of the aberrantly; or (ii) correctly spliced PCR product/(the peak area of the signal of the aberrantly spliced PCR product + the peak area of the signal of the correctly spliced PCR product).
Analysis of the transfection of the splicing factors
In each co-transfection, the transfection of the splicing factor plasmids were verified by RT-PCR analysis. Only experiments in which the transfected splicing factors were found were included in the analysis. hnRNP A1 primers were: pCG 5′-UTR (GACGCCATCCACGCTGTT), specific for the pCG 5′-UTR, and A1exp3 (AAGTGGGCACCTGGTCTTTG). The primers used for ASF/SF2 analysis were: pCG 5′-UTR and ASF3 (GCTTCGAGGAAACTCCAC). The primers used for E4-ORF6 analysis were: CCCGAATGTAACACTTTGAC for ORF6exp5 and CGGTACCATATAAACCTCTG for ORF6exp3. The primers used for E4-ORF3 analysis were: TGATTCGCTGC-TTGAGGCTG for ORF3-5 and TATTAAGTGAAC-GCGCTCCC for ORF3-3. The PCRs were performed as for the minigenes except for the annealing temperature (52°C) and the number of cycles (30) .
